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The importance of the r61e which elasticity plays in the mechanism 
of swelling of a gelatin gel is well recognized in Procter-Wilson's theory 
of swelling of gelatin in acid or alkali.  According to this theory (1) 
there are two opposing forces acting on a block of gel when placed in 
an aqueous solution of acid or alkali, first, the osmotic force which is 
brought about by the excess of diffusible ions in the gel over those in 
the outside solution and which causes the gel to swell, and second, the 
elastic force produced by the rigidity of the gel structure and which 
limits the extent of swelling.  At equilibrium the two forces balance 
each other.  Thus the elasticity of the gel plays the same r61e in the 
swelling of gelatin as hydrostatic pressure in osmosis phenomena. 
Proeter-Wilson's theory of swelling has been applied by Northrop 
and the writer (2) to the mechanism of swelling of isoelectric gelatin 
in the absence of acid or alkali.  Swelling in this case is caused by the 
presence  in  gelatin  of  a  soluble  fraction  which  produces  osmotic 
pressure.  But the swelling in this case also is regulated by the elastic- 
ity of  the iblock as a whole.  When a  gelatin solution is cooled and 
allowed to set, the gel formed is under no elastic stress, but as soon 
as it is placed in water  and allowed to  swell the gel  undergoes an 
elastic strain producing a  stress in it which resists the swelling until 
an equilibrium is established between the two opposing forces. 
Both the equilibrium conditions of swelling of isoelectric gelatin (3) 
as well as the kinetics of swelling (4) have been found to agree quantita- 
tively with the described theory.  The peculiar phenomena observed 
by Arisz (5) and others that gels of various concentrations when dried 
to  an  identical  high  concentration  swell  rapidly  to  their  original 
concentrations and then take up water slowly, and also the effect of 
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varying temperatures,  were  readily explained  by  Northrop  (3)  on 
the basis that the gel at setting is under no elastic stress, but on drying 
the gels  are  put  under a  compressive stress  which makes  the  gels 
swell rapidly to their original volume when placed in water.  A block 
of gelatin which has swollen to a constant value at a low temperature 
and has then been removed from the water and kept for about an hour 
at  a  higher  temperature,  continues to  swell when replaced in  cold 
water.  The raising of temperature destroys the internal stresses in 
the gel, and allows the gel to swell more under the influence of osmotic 
forces. 
It is thus evident that a knowledge of the elastic properties of gels 
is as important as that of the osmotic pressure phenomena to a  clear 
understanding of the mechanism of swelling. 
A  great deal of work has been done on the determination of the 
elastic  constants  of  gels. 1  In  practically  all  of  these  studies  the 
observations  were  made  on  the  elastic  properties  of  gels  during 
mechanical deformation such as stretching, compressing or twisting. 
But,  as stated above, elastic stresses may be induced in a  gel by 
simply  allowing  it  to  swell  in  cold  water.  Hence  attempts  were 
made in a previous work (6) by Northrop and the writer to determine 
the effect of salts on the bulk modulus of elasticity of gelatin during 
swelling from data on osmotic pressure and swelling of gelatin in the 
presence of salts, under the assumption that the osmotic pressure of 
gelatin solutions is proportional to the swelling pressure. 
A method was developed (7) to measure di'rectly the swelling pres- 
sure of gels of various gelatin contents.  At equilibrium this equals 
the internal elastic stress.  Calculations were thus made of the bulk 
modulus of elasticity of gels of various concentrations of gelatin at 
swelling; but this method is quite complicated and subject to many 
errors. 
i A long list of old references on this subject is given by H. Freundllch in his 
Kapillarchemie, Leipzig, 3rd edition, 1923, 986; and also by Harry B. Weiser in 
his article on "Jellies and gelatinous precipitates" in Bogue, R.  H., The theory 
and application of colloidal  behavior, New York, 1924, 1~ 402.  Important studies 
of the elastic properties of gels have been made recently in this country by S. E. 
Sheppard and his collaborators, J. Am. Chem. Soc., 1921, 43,539;  1922, 44, 1857; 
J. Ind. and Eng. Chem., 1923, 15~ 571; 1924, 16~ 593; and also by G. W. Scarth, 
J. Pkys. Chem., 1925, 29, 1009. ~.  XtmITZ  567 
A  more direct  and  simple  method,  which has  been  employed in 
this work, is to determine internal elastic stresses by measuring the 
double refraction produced in the gel during swelling.  This method of 
measuring internal stresses is employed quite extensively in engineer- 
ing as a means of studying internal stresses in cases which are difficult 
to  analyze mathematically.  "Thus Coker (9) was able by means of 
loaded- transparent zylonite models to verify well-known calculations 
on stress distribution such as those for hook sections and perforated 
tie bars, besides very numerous cases of material having discontinuities 
such as notches of various kinds, where exact mathematical treatment 
is practically impossible. ''2 
Double Refraction  in Materials  Subjected  to Mechanical  Stresses 
It is not the intention of the writer  to enter here into  a  general 
discussion of double refraction, a  subject which is fully discussed in 
books on optics an  d oI~tical crystallographyY  The few remarks given 
here have the object only to define the terms and symbols used in the 
exper'm~ental part of this work. 
It  is  known  since Brewster's  studies  (Philos.  Trans.,  1815)  that 
when a strip of an isotropic material such as glass,  resin, or gelatin, 
is put under a mechanical stress like tension or compression it becomes 
optically  double  refractive. 
This is observed by placing the strip of material on the stage of a 
polarizing microscope between crossed Nicol prisms and exerting the 
tension or compression in a direction of 45 ° with the directions of the 
vibration planes of the crossed Nicols.  The plane polarized beam of 
light  from the polarizer or lower Nicol  is  resolved on  entering the 
strained material into  two  component beams, one of which  has  its 
vibrations  in  a  plane parallel to  the direction of the applied  stress 
while the other beam has its vibration in a plane perpendicular to it. 
There is also a difference in the velocity with which these component 
beams of light travel through the strained material.  In the case of 
most materials the faster beam is in the direction of tension, while if 
2 Cited from Morley, A., Strength of materials, London, 1920. 
a An excellent and clear discussion of the whole subject as applied to colloids 
is given in Ambrorm-Frey's  little book, Das polarisationsmikroskop,  Leipzig, 1925. 568  ISOELECTRIC  GELATIN 
the material is compressed the beam of light whose plane of vibration 
is in the direction of compression is the slower one. 
On entering the upper Nicol the two beams of light  are made  to 
travel along the same path after they have traveled with a  different 
velocity  through  the  doubly  refractive  medium,  and  interference 
results. 
Let V0 be the velocity of the beam of light in air, which is about the 
same as in a vacuum, and V~ and V, the velocities of the component 
beams in the doubly refractive medium, V1 being the velocity of the 
faster  beam.  Let  also  X0,  X~,  and  M  be  the  corresponding  wave 
lengths of the beams.  Since the color of the light is not  affected by 
passiag through the strained colorless material it follows that f,  the 
frequency of vibration,  which is the factor that determines color, is 
the same for the component beams as for the original one. 
Hence 
or 
and 
Vo 
)t O -~  __ 
f 
V1 
)'1 ----  u / 
V2 
f 
V1  Xo 
x,  =  xo v-~  =  .~ 
.  V2  Xo 
x2 =  xo v-. =  -~ 
where nl and n2 are the indices of refraction of the material in the 
direction of the stress and in the direction perpendicular to it. 
The faster beam of light in  passing through a  distance, s, of the 
strained material will complete ~  -  s nl  Xo  wave lengths, or vibrations, 
while the slower beam will complete a greater number of wave lengths 
in passing through the same distance, s, M.  KUNITZ  569 
namely 
S  Sn~ 
X2  Xo 
Since the time required for one vibration is the same for both beams it 
follows that the slower beam will be retarded by the time required to 
complete 
Sn2  $ni  S 
(n~ -- nl)  =  Ap  (Equation  t) 
Xo  Xo  Xo 
wave lengths.  This retardation or phase difference which is expressed 
in  wave lengths  or  fractions  of  a  wave length  is  the  cause  of  the 
interference colors observed, with white light as a  source of illumina- 
tion,  when the two 'beams are made to pass through  the same path 
through  the  upper  Nicol.  The  i.nterference  colors  thus  produced 
serve as an approximate measure of the phase difference between the 
two beams of polarized light. 
The  magnitude  of  double  refraction  is  defined  by  the  value  of 
n2  -  nl, i.e., by the difference between the two indices of refraction. 
There are various methods for measuring accurately the phase differ- 
ence in double refraction.  The most accurate and convenient to use 
is the Babinet compensator method,  a  detailed description of which 
is given by Johannsen  (9). 
If light  of a  known wave length X0 is employed then the value of 
n,  -  nl is readily determined. 
The Relation between Double Refraction and Elastic Strain 
The theory of the relation  between double refraction and elastic strain  in an 
isotropic body was developed by Neumann  (10).  He considered the case of a 
body which is under strain in three dimensions, i.e., under a volume strain.  Let 
a, b, and c be the three dimensions of an isotropic body, and let a, 0, and ~z, be the 
strains in the three  directions, i.e., 
Aa  Ab  Ac 
a  =  --'a  B =  -~',  and  "/= --c 
then,  according  to  Neumann,  the velocity,  V1 of light in the isotropic medium 
when under no strain is changed to 
A=  Vx +  qa W  pfl +  P'y 
B=  Vt+pa+  #+  P'Y 
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where A, B, and C are the velocities of light in directions of a, b, and c, and q and p 
are constants depending on the material. 
The technique of measuring double refraction determines the differences between 
the indices of refraction in the medium in directions lying in a plane perpendicular 
to the direction of observation.  If the observation (i.e., the axis of the polariscope) 
is in the direction of c, then the observed phase difference,  A~, is proportional 
to the difference between the indices  of refraction in the d~rections of a, and b, 
i.e., 
But 
or 
~  =  ~o 
Vo  Vo  Vo (Vt +  pa +  #  +  Pv -  V~ -  qa -  PO -  Pv) 
A  .B  AXB 
Vo  Vo_Vo(p-q)(a-O) 
A  B  AXB 
Since  Vt  -  A and Vt -  B are very small numbers as compared with the values 
of A, B and Vt, therefore 
Vo  Vo ___  Vo (p -  q) (a -  O) 
A  B  Va  2 
V0 
V-~ as well as p  -  q are constant for a given material and a given monochromatic 
source of light.  It follows  then that when a  body is under  a  bulk strain the 
observed double refraction is proportional to the difference  in the linear strains 
in the directions lying in a plane perpendicular to the direction of observation. 
It also follows that if the body is stretched, or compressed in the same proportion 
in both directions,  i.e., if Aa  Ab  a  =  -b no double refraction is to be observed. 
Double Refraction in Gelatin 
When gelatin is subjected to mechanical stresses it shows the same 
type of double refraction as ordinary glass, namely, that the direction 
of  tension  becomes  the  direction  of  minimum  index  of  refraction, 
while the direction of compression is the direction of maximum index 
of  refraction.  The  relation  between  elastic  tension  a~d  double 
refraction in gelatin was studied  in detail  by Leick  (11).  He  found M.  xvmTz  572 
that the double refraction produced is proportional to the percentage 
elongation as well  as to  the  concentration of the gelatin.  He also 
determined  the  relation  between  mechanical  stress  and  produced 
strain. 
Leick's results are given in the following table: 
C°ncentrati°n  1  M°dutus  °f elasticity  ]  C  E  C~  E  E 
Hard gelatin 
lO.0 
18.6 
30.0 
32 .o 
45 .o 
242 
978 
1545 
2157 
2944 
2.4 
2.8 
1.7 
2.1 
1.5 
24.2 
52.6 
51.0~ 
67 .oJ 
65.o 
Soft gelatin 
12.7 
17.5 
19.0 
20.8 
28.3 
31.7 
45.6 
323 
620 
578 
619 
1000 
1189 
2327 
2.0 
2.0 
1.6 
1.4 
1.2 
1.2 
1.1 
25.5 
35.5 
30.5 
29.8 
35.3 
37.8 
51.0 
The  first  three  columns  were  copied from Leick's paper,  while 
the  last  column was  added by the  writer.  The table  shows  that 
Young's mo'dulus of elasticity of gelatin for stretching increases with 
the concentration, just as double refraction does.  But while double 
refraction  increases in direct proportion to the concentration  of gelatin, 
the modulus of elasticity increases, according to Leick's opinion, as the 
square of concentration, as shown in the third column.  But a close 
examination of the last column shows that with the exception of the 
cases of 20 per cent for one kind of gelatin and the 45.6 per cent for the 
other kind, the value of E/C is approximately constant for each kind 
of gelatin, just as in the case of double refraction.  Hence, it appears 
from Leick's data that the double refraction produced in gelatin by 
mechanical stress is proportional both to the stress applied and to the 
dimensional change in the gelatin, i.e., to the produced strain.  Leick 
studied also the effect of addition of salts on the double refraction as 572  ISOELECTRIC  GELATIN 
well as on the modulus of elasticity of gelatin during stretching.  This 
will be discussed later. 
Double Refraction  and Swelling of Gelatin 
An extensive study of the double refraction which appears in gelatin 
during  swelling  was  made  by  Quincke  (12).  His  results  may  be 
summarized as  follows: 
When a  solution of gelatin is allowed to set and care is taken  to 
prevent  evaporation  and  drying the  formed gel shows  no  trace  of 
double refraction.  If the gel is now placed in a  solution in which it 
swells it becomes doubly refractive.  The amount of double refraction 
is  proportional to  the rate of swelling and it disappears  completely 
when the gel stops swelling.  Ge~s  in the form of cylinders or spheres 
on swelling show the same kind of double refraction as sections of a 
positive spherulite; but when allowed to shrink in alcohol or glycerin 
they show  the double  refraction of a  negative spherulite.  Gels  in 
the  form of prisms  when  allowed  to  swell  behave  with  respect  to 
double refraction as if the outside layers of the gel were under tension, 
while the middle of the block shows negative double refraction, as if 
it were compressed. 
The double refraction in all swollen gels lasts only a  short while, 
from several hours to a few days depending on the size and shape of 
the block, and then disappears gradually. 
Quincke explains this gradual disappearance of double refraction in 
gels when swollen as a gradual equalization between the compressive 
stresses in the middle layers of the gel and the tensile stresses in the 
outer layers.  He sees in this phenomenon a  proof of his theory of 
"Shaumstruktur" of gels. 
Attempts were made to explain the gradual disappearance of double 
refraction in a swollen gel by the "relaxation theory" of Maxwell (13), 
according to which the elastic stresses in a  viscous body tend to dis- 
appear, so that if the body is left to itself it gradually loses any internal 
stress,  and the pressures are finally distributed as in a  fluid at rest. 
This  theory may hold  for very dilute  gels,  but  does not  apply  to 
concentrated ones  at  a  temperature  below  15°C.,  as  observed  by 
Hatschek (14). 
It will be shown later that the real reason why double refraction M.  l~lmlTZ  573 
gradually disappears in a  swollen gel lies in the tendency of a  gel to 
swell  equally  in  its  three  dimensions,  no  matter  what  the  original 
shape of the block was.  Double refraction exists in a swelling gel as 
long as there  is a  difference in the  amount of swelling in the three 
dimensions of a block of gel.  This is especially true of a  thin strip of 
gelatin.  The rate of swelling is most rapid on the fiat surface of the 
strip, and at first the percentage increase in the dimension perpendicu- 
lar to this surface is much greater than in the other two directions. 
Hence when observation is made through the narrow edge of the strip 
very  striking  double  refraction  may  be  observed.  But  gradually 
the other dimensions of the strip begin to increase until the percentage 
change is the same in all of them.  As a result of this there is a gradual 
disappearance of double refraction.  If it were possible byanymeans 
to  control the  swelling so  as to make the gel swell in one direction 
only  and prevent the swelling from spreading in the direction of the 
other two  dimensions of the gel,  the double  refraction  should then 
persist as long as the gel is swollen.  After various tri:aJs the writer 
found that this could be accomplished most conveniently by casting 
gelatin in rectangular glass frames or on glass slides.  In this way the 
gelatin  swells  only in  one  direction.  The  double  refraction  which 
takes place in the gel persists indefinitely as long as the gel is swollen, 
and, as will be shown later, is proportional to the swelling. 
Technique and Apparatus 
All the measurements were done in a cold room kept at 6°C. 4- I°C.  Electro- 
lyte-free gelatin was prepared from Cooper's unbleached powdered gelatin by the 
modified (15) Loeb method.  A 2 per cent solution in distilled water became milky 
white when allowed to stand in a cold room.  The pH of the solution was 4.95 
and this was taken as the isoelectric point of this stock of gelatin. 
Various  solutions  were made up by dissolving definite  weights  of  air dried 
gelatin in weighed amounts of water.  Corrections were made for the moisture 
content of the gelatin which happened to be 15 per cent.  The concentrations 
of the gelatin were often checked by drying weighed samples for 24 hours at 100  ° 
to ll0°C.  All weights of gelatin in this paper refer to gelatin dried in this way. 
The gels were prepared  by heating the mixtures of gelatin and water to 50°C., 
were kept at this temperature until the gelatin grains were completely dissolved, 
and then put into forms and allowed to set for 20 to 24 hours in the cold room. 
Two forms of blocks of gelatin were employed in this work.  Most of the experi- 
ments were done on gels cast in glass frames, but a number of experiments were 
done also on gels cast on glass slides. 574  ISOELECTRIC  GELATIN 
Gels in Glass Frames.--The frames were made from narrow strips of glass about 
3 ram. wide cut from microscopic slides 1 mm. thick.  The strips were bent into 
rectangular frames 20 ram.  X  10 mm. by means of  the blast flame and sealed. 
Examination  with the polarizing microscope showed strain in the frame only at the 
corners where the bending and sealing had taken place, while in the middle of the 
longer sides no trace of strain could be detected.  The sharp edges of the frame 
were ground and the frames were marked and numbered.  Two lines about 2 mm. 
apart were drawn with glass ink in the middle of both long sides of each frame. 
The inner width of the frames at the middle were measured to 0.01 ram. by means 
of a Zeiss measuring microscope CG.  As the sides were seldom absolutely parallel, 
it was necessary to measure the width at the top and bottom of the frame and use 
the  average  of  both measurements.  The two  widths  never varied more  than 
0.2 mm. 
The exact weight of the frames was also determined.  The frames were placed 
on slides, filled with liquid gelatin and covered with thin slides.  These were then 
put in rubber stoppered tubes containing  some water so as to prevent any possible 
drying of the gelatin and allowed to remain in the cold room for 20 to 24 hours. 
The frames containing the gel were afterwards removed from the slides by means 
of a razor blade, cleaned of any adhering gelatin on the outside walls, weighed, 
and put into flasks containing various solutions.  Examination of the gel in the 
frame at this stage showed very little if any double refraction.  The gels in the 
frames were  examined for double refraction at various lengths of time, usually 
after about 5, 10 and 20 days.  4  The beam of light from the polarizing Nicol was 
made to pass through the full width of the frame and the microscope was focussed 
on the space in the side of the frame between the two marked lines.  Thus observa- 
tions were always made through the same depth and the same location of the gel. 
The measurements of double refraction were made on the gels while immersed in 
the solutions in which they were allowed to swell. 
At the same time the amount of swelling was determined by drying the frames 
carefully with filter paper and weighing. 
Gels on Glass Slides.--Rectangular glass discs 25 mm. X 15 mm. were cut from 
microscopic slides,  numbered and weighed.  These were placed on regular slides 
supported by small strips of glass about 1 mm. thick, thus leaving an equidistant 
space of 1 nun. height between the small and larger slides.  Liquid gelatin was 
then allowed to flow into the space between the slides by means of a pipette.  The 
gelatin filled up the space readily, assisted by surface tension. 
The slides were then put away in stoppered moist tubes to set for 20 to 24 hours. 
The gelatin was afterwards  carefully  removed from the larger slide by means 
of a razor blade, but allowed to adhere to the smaller slide.  A rectangular steel 
die of 20 ram. ×  10 ram. opening was pressed against the gelatin on the small slide 
* It was found necessary to put a crystal of'thymol in every solution in order to 
prevent mould growth on the gelatin. ~.  X~NITZ  575 
thus enabling us to obtain a very uniform rectangular disc of gelatin of definite 
dimensions  and parallel edges on the small slide.  The exact length and width of 
the gel discs on the slides were measured to 0.01 ram. by means of the measuring 
microscope.  It was found very convenient to direct a fine but strong horizontal 
beam of light, of the kind used in ultramicroscopy, on the gelatin during these 
measurements so as to produce a Tyndall cone in the gel.  This facilitated enor- 
mously the focussing  on the edges of the disc.  The dimensions  were determined 
both at the exposed surface of the gel disc as well as at the surface in contact with 
the glass slide.  The gels were then weighed and put into the swelling medium 
as in the case of the gels in frames.  The optical observations in this case were 
made through the middle of the long edge of the disc of gelatin. 
The two kinds of blocks of gel when placed in water swell differently. 
The gels in the frames swell in one direction only, namely in thickness, 
so that the percentage change in total volume of the gel is the same 
as  the  percentage change  in  thickness.  The  geis which  are  cast on 
slides swell largely in thickness,  but  at the  same time the other two 
dimensions  change  slightly  too,  the  gel  finally  appearing  as  a  thin 
frustum of a  rectangular pyramid, with the smaller base adhering to 
the glass.  In the case of the gels cast in the glass fi~ames it is enough 
to  weigh  the  gel from time to time, in order to be able to determine 
the changes in its linear dimensions; while in the case of the gels cast 
on glass slides it is necessary to measure actually the changes in the 
three  dimensions  of  the  gel.  As  it  will be  seen  later the  measured 
double  refraction  per unit  change  in  linear  dimension  is identical  in 
both forms of gels. 
The apparatus for measuring double refraction consisted of a Leitz Babinet 
compensator fitted into an ordinary microscope which was provided with a polariz- 
ing Nicol in the substage, and with an analyzer over the eyepiece of the com- 
pensator.  The microscope was held in horizontal position.  A rectangular cell 
3 cm. long, 2 cm. wide and 2 cm. high, made of plane optical non-strained glass 
was fastened by clips to the stage of the microscope and could be moved into 
various positions in the vertical plane by means of micrometer screws.  The gels 
on the slides or in the frames were placed in the cell in a fiat position and covered 
with the solution in which  they had been allowed to swell.  The cell was then 
moved on the stage into such a position tl~at the microscope could be focussed on 
the middle point of the front edge of the gel.  The beam of light was thus made 
to pass through the full width of the gelatin disc. 
A Cooper-Hewitt mercury quartz lamp, the Lab-Arc, was used as  a  source of 
illumination.  It was provided with two glass filters made by the Corning Glass 576  ISOELECTRIC  GELATIN 
Works,  a  Didymium filter and  a  G  34-y filter, which allowed only the mercury 
5461 ~.U. green light to pass through.  This was checked by means of a  spectro- 
scope. 
The  Babinet  compensator  as  arranged  in  this  work  showed  a 
positive displacement of the zero line to the left for double refraction 
corresponding to  stretching of gelatin in  a  vertical direction and  a 
negatf~ce displacement to  the right when gelatin was compressed in 
the same direction. 
A  phase difference of one wave length of 5.461  X  10-*  ram.  cor- 
responded to 9.35 divisions of the scale. 
Hence if ~ represents the reading of the Babinet  compensator in 
division  then  the  phase  difference 
&P  9.35 
s 
Substituting in the formula ~  =  X0 (n~ -  nl)  (Equation 1) values 
for A~ and Xo we get 
5.46 X  10  -4  5.84  X  10  -5 ~- 
where s is equal to the width of the gelatin disc in millimeters.  The 
value of n~  -  nl is the double refraction produced by the algebraic 
sum of the  elastic  strains  in  the gel in  directions lying in  a  plane 
perpendicular to the width, i.e.,  by changes in the thickness and in the 
length of the gelatin disc.  In the case of gels cast in frames the only 
possible change is in the thickness of the disc which is the same as the 
change in the total volume of the disc of gel. 
Let Wo be the weight in gin. of the gel when set 
Vo its volume when set 
Do the density of the gel 
D~ the density of the water =  1 
W1 the changed weight of the gel after swelling 
When the swelling takes place in a  very dilute salt solution we have 
AV  (W1 -- Wo)/D~  At 
-  (Equation 2) 
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where A V and At  --  --  are the  fractional  changes  in  volume  and  thick- 
V0  to 
hess. 
When concentrated salt solutions are used in the outside solution 
the fractional change in the volume of the gel is 
AV  (W1 -  Wo)/D,  -  (Wo -  Wo)/D,~ 
--  =  (Equation 3) 
Vo  Wo/Do 
where Wo  --  weight of dry gelatin in the gel and D,  --  density of 
salt solution. 
In deriving this formula it was assumed that the concentration of 
salt ~  grams per 100 gin. H~O is the same inside of the gel as outside 
of it, which is true for high concentrations of salts as found by analysis 
(16). 
The final concentration of gelatin in grams per cubic centimeters of 
H~O or salt solution is 
wg  c -  (Equation 4) 
(W1- Wo)/D. 
The double refraction per unit change in dimension and per unit 
concentration for gels cast in frames is 
n2  --  nl 
a  ="  (Equation  5)  AV 
--C 
V0 
which may be termed the optical modulus of elasticity of a  gel con- 
taining  1  gin.  of  dry gelatin  per  cubic  centimeter of H~O  or  salt 
solution. 
When gelatin is cast on slides it swells not only in thickness but also 
in length, and the double refraction is a function of the value ~ where 
At  A/ 
to  l0 
It was found impossible to measure accurately the change in thickness 
of the gels, but there was no difficulty in measuring the changes in 
length and width.  The method employed to determine the change in 
thickness was  to  determine the  fractional  change in volume A_V in 
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the same way as in the case of the gels in the frame.  Exact determina- 
tions  were  also  made  of Al  and  Aw  --  --,  i.e.,  the  fractional  changes  in 
l0  w0 
length and width. 
The value of At  the fractional change in thickness,  was  then  cal- 
culated  from the  formula 
(  ~At ~+T+-J+T x  =T- -+~-+Tx-j 
When Al and Aw 
--  --  are very small fractions of a  unit then  the formula 
l  w 
becomes 
t  V  -t- 
It has been found necessary for accuracy in most of the experiments 
here  to  employ  the  complete  formula.  The  optical  modulus  of 
elasticity in the case of the gels on slides is then 
nl 1  n2 
a  =  --  (Equation 6) 
~C 
Density  Measurements 
The density of various concentrations of gels at '6°C. is given in the following 
table: 
Co  ....  tration in  gin: gel~  20 
tin per 100 cc I~O  $  6  S  10  12  14  16  18 
Density of gel after  I  [  [ 
2~hrs. setting ..... I 1.019J  1.022J  1.028]  1.0331  1.0391  1.04SJ  1.0Sl 1 1.05~J  1.060 
The density of the various gels was determined by weighing discs of gels first in 
air and then in kerosene in the cold room.  The discs of about 0.5 gin. weight were 
suspended  from the beam of a balance by means of a blackened, fine platinum 
wire. 
The density of the various salt and acid solutions used for the swelling experi- 
ments was determined in the cold room by means of a Westphal balance. M.  KUNITZ  579 
Precision  and Errors 
The weight and hence the volume of the gels can be determined with great 
precision.  But there is always a possible error due to the difficulty of removing 
the last trace of the outside liquid by means of filter paper.  Checks have shown 
that the values for Vt and V0 are correct to about 0.5 per cent.  The percentage 
error in the  double refraction measurements  depends on the magrfitude of the 
reading and is about 0.5 per cent for a magnitude of (~  -  nl) of 5  ×  10  -~ and 
5 per cent for (~  -  nl) equal to 1 X  10  -5. 
The length and width measurements have a percentage error of not more than 
0.5 per cent.  The probable percentage error in the final calculated value of the 
optical modulus of elasticity depends on the probable errors in the above men- 
tioned measurements. 
From the relation (Equation 5) 
n~-nl  (n~-nl) V° 
Ot~ 
V_._o  C  (Vl -  Vo) C 
Vo 
it follows that the probable percentage error in ~ equals 
D~ = Vrt~(,,-,o + Pvo + Pc + P~{vl-vo) 
where p  equals the probable percentage error in the various factors designated 
by the subscripts. 
The probable percentage error in C is of the same magnitude as in V0 or Vt. 
An expression for the relation between the probable percentage errors in  Vt 
and Vo and in their difference, i.e., in (Vt -  V0) can be found as follows: 
The probable actual error E  in (V1  -  V0)  due to errors et and e0 in Vx and 
Vo is 
E =  ~/'e? +  e0~ 
But 
E  (V1 -  Vo) P  V, pt  Vopo 
]-00  -,  el=-~,and  e2=  100 
where P, Pt and Po are the probable percentage errors in (V1 -  Vo),  Vt and Vo. 
Hence 
(V~ -  Vo) P  =  X/Vg p? +  Vo  ~  po  ~ 
Dividing through by VI -- Vo we get 
p=  A/(  Vt  "~'  {  Vo  \' 
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This expression shows that the probable percentage error in Va -- V0 increases 
enormously  as V1 -  V 0  approaches zero. 
Thus for small magnitudes of swelling  both the errors in the double refraction 
AV 
and in the value of "Vo contribute to a possible enormous error in the calculated 
optical modulus of elasticity. 
Swdling of Thin Unsupported Discs of Gelatin 
Thin  rectangular  discs  of  isoelectric  gelatin  were  cast  on  glass 
slides and allowed to set in a cold room for 24 hours.  The gels were 
afterward removed from the glass slides, weighed, measured, and put 
M 
into 100 cc. --  acetate buffer pH 4.95. 
1000 
TABLE  I 
Rate of Change in the Three Dimensions of a Thin Rectangular Disc of Isoelectric 
M 
Gelatin on Swelling in ~  Acetate Buffer pH 4.95.  Concentration: 
20 Con. of Gelatin in 100 Cc. Solution.  Weight 0.311 Gin., 
Length 21.25, Width 9.45 Mm. 
Time in hrs ..................................................  1.25  2.25  3.75  6.0  24 
Percentage increase in volume ...................  10.30  16.00  20.10  23.40  27.50 
...... length  .................... 12.551  4551  5.701  6.50  /  8.00 
...... width  .....................  1.90] 5.45  5.60  6.40] 7.95 
......  thickness (calculated)  ......  5.70  5.30  7.50  9.00  9.20 
Table I  shows the rate of change in the various dimensions of the 
gelatin.  The gel changed most rapidly in thickness, which in about 1 
hour gained almost 60 per cent of its total increase while the other two 
dimensions gained in the same time only about 25 per cent of the final 
gain.  But as the swelling progressed the rate of swelling in thickness 
diminished while the length and width continued to increase constantly 
until finally the percentage gain was the same in all three dimensions. 
Table II shows the final percentage change in the three dimensions 
of unsupported discs of gels of various concentrations.  In practically 
all cases there was no difference in the final percentage change of the 
various  dimensions.  The  double  refraction  in  thes~  gels  although 
very marked at the beginning of swelling disappeared entirely after M.  KUNITZ  581 
24 hours.  It is obvious that the reason for its disappearance lies in 
the fact that the elastic strain became equal in all directions. 
TABLE  II 
Swelling of Unsupported Thin Discs of Gels of Various Concentrations of Isoelectric 
~t 
Gelatin in ~  Acetate Buffer pB 4.95 at 6°C.  Original  Dimensions of 
Discs about 1.5 × 10 × 20 Mm. 
Concentration in gin, gelatin per  100  gra. H~O  ............................  5  6  [  8  10  I  12  [  14  16  I  18  I  20 
After 3 days in buffer solution 
Percentage change in length .... I-3.91-4.7-2.40  +1.8+3.0]+5.0+5.6]+6.9 
......  width  ..... -5.3]-5.3 -2.~]  -.5[+1.41+2.8]+5.2 +6.6]+7.6 
"  "  "  thickness.  --8.8 --4.4 --2.8 --1.2  +.6 +4.2 +3.7 +6.0 +7.2 
Unsupported gels are therefore entirely unsuitable for a quantitative 
study of the relation between double refraction and swelling; hence 
all the following quantitative experiments were made with gels sup- 
ported on glass slides or cast in glass frames. 
Effect of Concentration 
It has been shown by the writer in his paper on syneresis (17) that 
when solid blocks of gelatin are placed in cold dilute buffer solution of 
the same pH as that of the isoelectric point of the gelatin, only those of a 
gelatin content of more than 10 per cent swell, while those of a lower 
gelatin content not only do not swell but actually lose water.  This 
was also shown here in Table II.  In working out the  theory of this 
phenomenon the writer made,the  assumption that at setting all the 
gels  no  matter  of  what  concentration  are  under  no  elastic  stress, 
but when placed in dilute buffer solution the gels of a concentration of 
higher than 10 per cent are under tensile stresses due to swelling, while 
below 10 per cent the gels are under compressive stress resulting from 
shrinking.  Both  forms  of  internal  stresses  act  against  the forces 
which  cause  swelling on  the  one  hand  and  shrinking on  the  other 
band, namely the osmotic force due to the soluble ingredient of gelatin 
and the strain in the micells of the gelatin. 
With  the object in view of finding out whether double refraction 582  ISOELECTRIC  GELATIN 
Concentration 
o~ ~ela%i1~  in  gin. 
pe  r 100 gm.HzO 
6 
10 
12 
14 
18 
20 
Percen~ge 
incrcas6 in 
weight 
-14.4 
-12.3 
-6.6 
-1.3 
+ 4.1 
+  6.6 
+15.6 
+18.0 
Appearance  o~ gel~ in 
polarizing  mLc~o~cope 
over g~p~um plate  R i 
Gypsum plate 
"  450  i_/__4__. 
TEXT-FIG. 1. Interference colors  in cylinders of gels of various concentrations. ~.  XtmlTZ  583 
would show the difference in the form of stress in blocks of gelatin of 
various concentrations the following series of experiments were made. 
1. Observation of Interference Colors in Cylinders  of Various Gelatin 
Content.--Gelatin  solutions of various concentrations were allowed to 
set for 24 hours in short glass tubes of about 8 ram. diameter, stoppered 
at both ends.  The gels were removed next day by means of a  cork 
borer and cut into short cylinders of about 10 mm. high and 5 ram. in 
diameter.  These were weighed and  put  into  100  cc.  1000 acetate 
buffer pH 4.95. 
TABLE  Ill 
Swelling and Double Refraction of Blocks of Various Concentrations of Gelatin Cast in 
M 
Frames.  Outside  Solution ~  Acetate Buffer pH 4.95 
Gin. gelatin per 100 gm. H~O .......................... 
After 20 Days: 
AV 
100 ~  ............................. 
100 C ............................... 
(n~  -  m)  X  105  ...................... 
n2  --  t/l 
--  XlO  3 ....................... 
A__v c 
Vo 
12 
5.00 
11.40 
2.29 
4.01 
14 
8.84 
12.75 
4.20 
3.72 
16 
13.16 
13.90 
6.75 
3.68 
18 
17.33 
15.00 
10.22 
3.93 
20 
20.30 
16.15 
11.54 
3.53 
Text-fig. 1 shows schematically the colors in the gels after 36 hours, 
when observed through the top of the cylinder between crossed Nicols 
in combination with a gypsum test plate R1.  Ordinary light was used 
as a source of illumination. 
The difference in the position of the blue and yellow colors in the 
gels of a higher or lower concentration than 10 per cent is very striking. 
In the 10 per cent gel there is very little blue or yellow color except 
red due to the gypsum plate. 
2.  The Quantitative Relation  Between Double Refraction  and Swelling 
or Shrinking in Various  Concentrations of Gelatin.--Tables III and IV 
give the results of observations on gels cast on slides as well as on gels 
cast  in  frames.  The frames are not suitable for gels which shrink 
when placed in water, since the gels become detached from the glass. 584  ISOELECTRIC  GELATIN 
TABLE  IV 
Swelling  and  Double  Refraction  of Blocks  of  Various  Conceratrations  of Gelatin 
Cast on Slides 
V  =  volume, l  =  length, w  =  width, t  =  thickness 
Gm. gelatin per 100 gm. H,O ...... 
After g4 Days: 
,~V 
100 -Vo ................ 
100 ~ ................ 
Aw 
100 --. ............... 
At 
100 ~  ................ 
At  Al 
loo. =  lOOZ -  g  .... 
100 C ................. 
(nx--nO  X  i05 ...... :. 
n2 -- nl 
XIO s ......... 
,C 
!1.3 
2.70 
4.67 
3.75 
1.05 
6.40 
2.54 
3.59 
8  12  14  16  ......  1_8 
-19.8  i  El.0  +4.871+10.05  ~-16.101+22.3 
-1.90 i  1.04  +.24F  +.64  +.85[  +1.39 
--5.10  .2.74  +.10  +1.27  +2.54  +2.96 
-11.86  6.90 +4.65  +8.55  b12.30t+17.15 
--9.96  5.86  4.41  +7.91  [-11.451+15.76 
7.54[  9.00  11.40  12.53  13.57[  14.40 
2.35 +1.79 i  +4.03  -2.98'  +6.08  +9.00 
3.9,  4.45[  3.56  4.06  3.92  3.96 
M 
Some of the gels were removed from the glass and left in the  i-~  acetate buffer for 8 
days longer 
Final Measurements: 
AV 
100 ~  ............... 
z~ 
100 To  ................ 
/,w 
100--. ............... 
WO 
At 
100--  . .......... 
100~  .................. 
100  C ................. 
(n, -  nt)  X 10~ ........ 
n~--nl 
~X  10  a  ..........  ,C 
+5.1  ; 
+I.OC 
+1.05i 
+2.9 
+1.9 
11.4 
+.92 
4.25 
1-20.9 
+4.27 
+5.08 
~-I0.3 
+6.0 
13.01 
+3.24l 
4.11 
+27.2 
--]-5.36 
6.74 
-13.1 
-7.7 
13.7 
+4.09 
3.88 ~.  xusrrz  585 
The tables show that when gels containing various amounts of dry 
gelatin per 100 cc. H20 are placed in cold  acetate buffer of the 
1000 
same pH as that of the isoelectric point of the  gelatin, those of less 
than 10 per cent shrink and the double refraction is negative, as if 
the gels were compressed, while those gels of above  10 per cent swell 
and the double refraction is positive, showing that the gels are under 
tension.  At a  concentration of 10 per cent the gel does not change 
and there is no double refraction.  The double refraction generally 
increases with the increase in concentration. 
Simple calculation shows that the double refraction is proportional 
both to the change in the thickness of the gels (or to the difference 
between the percentage changes in thickness and in length) and to the 
concentration of the gel.  The optical modulus of elasticity of the 
gels, namely the double refraction per unit change in dimension and 
per unit concentration, is the same both for swelling and shrinking, 
giving a  value of about 4.0  X  10 -3 which is very close to the value 
obtained by Leick for the double refraction in gelatin produced by 
stretching. 
This value for double refraction per unit change in dimension and 
per unit concentration in  the gels does not depend on the form of 
glass support.  It is the same both for gels in glass frames and for 
gels cast on slides, although the mode of swelling is quite different in 
the two forms of gels.  It does not change even when the gels are 
removed from the glass,  as  shown in  the second part of Table IV. 
The length and Width of the gels increase on removal from the glass, 
while the thickness diminishes.  The double refraction is also reduced. 
But the ratio of the double refraction to the change in dimensions and 
the concentration remains the same as when the gels were still attached 
to the glass. 
Effect of Salts on Swelling and Double  Refraction of [soelectric  Gelatin 
The effect of salts on swelling of gelatin in acids or alkalies has been 
studied extensively by Loeb and the writer (18).  Northrop and the 
writer (6) have also studied in detail the effect of salts on the swelling 
of isoelectric gelatin in the absence of either acid or alkali.  The effect 
of salts is quite different in the two cases.  Salts always depress the 586  ISOELECTRIC GELATIN 
salt  solutions. 
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swelling produced by acid or  alkali,  and  the  amount of depression 
depends on the valency of the ions,  while in the absence of acid or 
alkali, salts generally increase the swelling of isoelectric gelatin.  The 
peculiar effect of salts on swelling of isoelectric gelatin was found to 
be similar to the effect of salts on the osmotic pressure of isoelectric 
gelatin solutions.  It was found, namely, that salts generally increase 
"/0 
4o 
"c- 
o 
-~-  20 
-10 
-20 
Coneentration  ~ I~' _~__ 
TEXT-FIG. 4. Swelling of 10 per cent gels of isoelectric gelatin in various salt 
solutions at 6°C. 
the osmotic pressure of gelatin  solutions  and  the  curves  (Text-figs. 
2 and 3) both for swelling and osmotic pressure run parallel throughout 
a  wide range of concentrations of salts.  This suggests that the effect 
.of salts on swelling is due to an increase in the osmotic pressure of the 
gel caused either by increase in the concentration of the  osmotically 
active soluble component of the gel (2) or by an unequal distribution 
of ions through the formation of complex ions with the gelatin  (16). 
On the other hand,  it was found that in the case of such salts  as M.  KUNITZ  589 
NaSCN,  NaI,  NaBr,  LiC1  and  CaC12  the  parallelism  between  the 
osmotic pressure and swelling curves holds only for low concentrations, 
while at concentrations above ~- the osmotic pressure curves begin t~ 
2 
drop with increase in concentration of salt, while the swelling curves 
continue  to  rise.  These  salts  apparently  have  a  double  effect  on 
swelling,  first,  they  increase  the  osmotic  pressure  of  the  gel,  and 
second,  they decrease the  elasticity of the  gel  and thus  reduce  the 
resistance of the gel to  swelling. 
A  detailed study was hence undertaken on the effect of salts on the 
double refraction in gels during swelling in order to determine directly 
how the elasticity of the gels is affected by various salts. 
Some studies on the effect of salts on the elasticity of gels during mechanica 
deformation  have been  made by several investigators.  Fraas  (19) found that 
NaC1 makes gelatin set slower and decreases  the  tenacity of the gel.  Leick 
(11) found that chlorides lower the  specific double  refraction and the elastic 
modulus of stretching of gels while sodium sulfate produces no change in the elastic 
properties  of gelatin.  Leick employed rather high concentrations  of salts,  the 
minimum being about half molar.  Sheppard  and his collaborators  (20) studied 
the effect of potassium alum as well as of acid and alkali on the modulus of rigidity 
of gels. 
In the present study of the effect of salts on the double refraction 
of gelatin during swelling advantage was taken.of the fact that when a 
10 per cent gel is placed in distilled water, which had been adjusted by 
means of acid to the pH of the isoelectric point of gelatin, the gel does 
not  swell.  Addition of  salt  causes  swelling  and  double  refraction. 
The relation between the amount of swelling and the double refraction 
produced will thus indicate the elastic condition of the gel due to the 
salt alone. 
Salts generally change the pH  of gelatin,  which may affect  the amount of 
swelling.  But, as will be shown later, a variation in the pH of gelatin between 
3.0 and 9.0 has no influence on the elastic properties of a 10 per cent gel.  Hence, 
no extra precautions  were taken to control  the pH  of the salt solutions  used, 
except in the case of sodium acetate where acetic  acid was added to bring the 
solutions to pH 4.95.  In all other cases the weighed dry salt was dissolved in 
H~O acidified to pH 4.95 with acid of the same anion as the salt, whenever possible, 
and the dilutions were made with this solution. ,% 
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Table V  gives a  summary of the results obtained on the swelling 
and double refraction of 10  per  cent isoelectric gels when put into 
various salt solutions.  Experiments were performed both with gels 
in frames and gels on slides.  The results are practically identical in 
both  cases,  except that  for small  values of swelling the results  are 
subject to greater error in the case of gels on slides, where in addition 
to the weight the length and width of the gels also have to be measured, 
than in the gels in frames where only the weight of the gel is deter- 
mined.  The values for swelling and double refraction given in  this 
table are those of gels cast in frames, and were taken after the gels 
had been allowed to remain in the salt solutions for about 20 days. 
The plotted curves for swelling (Text-fig. 4) are practically identical 
with those observed by Northrop and the writer on the swelling of dry 
isoelectric gelatin granules, except for the curves for aluminum salts 
which show that in concentrations above ~- both aluminum chloride 
4 
and  aluminum  sulfate  instead  of  causing  swelling cause  shrinking 
in 10 per cent gels at 6°C.  This is also true in the case of -  ammomum 
1 
sulfate. 
The plotted  curves  (Text-fig.  5)  for double  refraction  (corrected 
for the changed concentration  5 of the gelatin) run parallel to those of 
swelling for most of the salts.  But in the case of salts which produce 
high swelling, namely, NaSCN, NaI and NaBr the double refraction 
curves do not rise with increase in concentration as fast as the swelling 
curves, which shows that in spite of the high swelling caused by these 
salts  the internal stresses in  these gels,  as i~dicated by the double 
refraction observed, are not much different than in the gels kept in 
s The final concentration of gelatin in the gels in gram per cubic centimeter of 
AV  salt solution can be calculated from tabulated  values of ~  by means of the 
following equation: 
1 
C= 
10.66 ~  +  10.00 
which is easily derivable from Equations 3 and 4. 594 
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NaC1.  These  salts  apparently  lower  the  resistance  of  the  gel  to 
swelling by  decreasing its  elasticity. 
Table VI and Text-fig. 6 give the values for the optical modulus of 
elasticity of the gels in the various salt solutions, namely, the value of 
double refraction per unit change in volume at unit concentration of 
gelatin, i.e., 
~  nt 
Vo 
where C is the concentration of gelatin in gram per cubic centimeter of 
HtO or salt solution at the time of measurement. 
The curves show clearly how salts affect the elasticity of gels.  In 
concentrations below -~ most of the salts have practically no effect on 
8 
the elasticity of gelatin,  although they cause swelling.  The optical 
modulus is the same here as the one obtained for swelling of various 
concentrations of gels in --  acetate buffer pH 4.95.  In concentra- 
1000 
tions higher than ~- some salts change the elasticity of the gel, while 
8 
others do not.  Magnesium sulfate and also aluminum sulfate appear 
to increase the elasticity of the gels.  Salts like NaSCN, NaI, CaC12 
and NaBr which bring about rapid increase of swelling with increase in 
concentration exert a strong diminishing effect on the elasticity of the 
gels. 
This difference in the effect of various salts on the optical modulus 
of elasticity of gels explains the discrepancy noted before between the 
osmotic pressure and the swelling curves for gelatin in the presence of 
salts, namely, that at low concentration the osmotic pressure curves 
for all salts rise with the concentration of salt, reach a maximum at 
about 2'  and then drop at higher concentrations of salt, while  the 
swelling curves in the case of such salts as NaBr, NaI, NaSCN, CaCI~ 
and others, continue rising with the increase in concentration.  These 
salts lower considerably the elasticity and hence the resistance of the 
gels  to  swelling.  The  elasticity  decreases  rapidly with  increase in 598  ISOELECTRIC  GELATIN 
concentration of salt; hence the swelling continues increasing with the 
concentration until  the  gels  become too  soft  to  stand  any swelling 
pressure  and  fall  apart,  or  dissolve  in  very high  concentrations of 
these salts. 
Aluminum chloride in  high  concentrations produces a  depression 
both in osmotic pressure and in swelling of gelatin, so that in solutions 
of above M the gels shrink and lose in volume.  The double refraction 
2 
measurements show that the optical modulus of elasticity is decreased 
rapidly in  concentrations above  2"  The resistance to  shrinkage  of 
the block is thus decreased with the result that the drop of the curve 
for swelling is more pronounced than the drop in the osmotic pressure 
curve. 
The effect of salts  on the elasticity of gelatin  appears mostly in 
concentrations above M  ~, while below that the elasticity remains con- 
stant.  Loeb, in his studies on the effect of salt on swelling of gelatin 
in the presence of acid or alkali, limited himself mostly to low concen- 
trations of salt,  and thus by eliminating  the elasticity variable was 
able to demonstrate clearly the valency rule in the action of salts on 
the swelling of gelatin caused by acid or alkali. 
Swelling and Double Refraction  of Gelatin in Acid and Alkali 
The double refraction produced in 10 per cent gels when allowed to 
swell in various concentrations of HC1  is shown in Table VII.  The 
gels when placed in solutions of HC1 in the concentration range of _M to 
32 
M 
2048 swell to such a high extent that they will not remain attached to 
glass when the gels are cast in frames or on slides.  As seen fromthe 
table  the optical  modulus of elasticity of the gels immersed in the 
higher concentrations of HC1 decreases rapidly both with the increase 
in concentration of acid used and with time.  As a  result of this the 
swelling of the gels in acid keeps on increasing with time and in high 
concentrations finally dissolves completely.  The second rise in  the ~. xvmTz  599 
swelling curve of gelatin in acid above ~- is due to the rapid drop in 
2 
the elasticity of the gel. 
TABLE  VII 
Swelling and Double  Refraction  of 10 Per Cent Gels in  Various  Concentrations  of 
HCl at 6°C. 
',oncentration  of  HCI  .....  M  M  M  M  M  M  M 
Final  pH of  outside solution...  3.45  3.95 
4tier 9 Days: 
nV 
~o  X  102 .....  53.4  :29.8  33.9 
CX  10  *  ....  6.36  7.58  7.35 
(ha -  n0 X  105  ....  2.8  4.96  6.66 
~2  --  I"/1 
Av-X  10  s  .......  82  2.19  2.67 
C 
After 17 Days: 
,,v  ,~ 
~oo X  10  2. 
c  ×  lO, 
(n~ -  m) ×  1{~.  ~  ~ 
~----~X  ......  ~  e¢,'~ 
~-o ~ 
After 2,4 Days: 
~V 
To x  fo,  ....... 
C  X  102. 
(ha -- nl) X  10  s  .... 
~2  ~  nl 
AV ^X  103. 
M  M 
47.9  68.2  In32--  2048  24.0  9.1 
6.61  5.78  the gels sweU  7.96  9.11 
9.17 12.2  enormously  8.12  3.44 
and fall out 
2.89  3.10  ofthefmmes  4.24  4.19 
44.2  43.3  55.6  77.8  28.1  9.9G 
6.80  6.86  6.28  5.45  7.69  9.0{] 
3.99  6.60  9.25 12.40  8.84  3.83 
1.33  2.23  2.64  2.93  4.09  4.3C 
53.7  51.5  52.4  85.4  30.2  11.1 
6.36  6.4£  6.00  5.22  7.56  8.95 
3.56  6.60  9.3012.45  9.13  4.05 
1.04  1.98  2.48  2.79  4.00  4.0~ 
Table VIII shows the relation between swelling and the  double 
refraction produced in gels placed in --~ NaC1 which contains various 
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concentrations of HCI.  The swelling produced by the acid is de- 
pressed considerably by the addition  of NaCI and hence it  is possible 
TABLE  X 
Swelling  and Double Refraction  of 10 Per Cent Gels in  Various  Concentrations of 
Na0tt Made Up in -~ NaCI 
Concentration of NaOH  ................. 
Final pH of outside solution  ............. 
After 7 Days: 
5V 
~o  ×  102 .................. 
C  ×  102 .................... 
(n~  --  nO  ×  105  ............. 
n2 -- ~1 
--  Xl0"  .............. 
AV C 
Vo 
After 15 Days: 
Z~V 
V-~ X  10  ~  .................. 
C  ×  102 .................... 
(n2-  nl)  X  10  s ............. 
n2-  nl 
--  ×  l0  s  .............. 
a~c 
Vo 
After 25 Days: 
~V 
V--~ ×  102 .................. 
C  ×  102  .................... 
(m  -  nl)  ×  105  ............. 
n2 -- ~1 
--X  103  .............. 
a v  c 
vo 
M 
6.8 
22.7 
8.04 
6.28 
3.44 
24.3 
7.94 
7.16 
3.71 
24.3 
7.94 
7.04 
3.65 
to make  the observations  over a  wide range of pH.  As in the case of 
pure  acid the optical modulus  of elasticity is reduced  by  the  addition 
of  acid  but  the  effect of  acid  appears  to  become  of significance  only ~.  XlmlTZ  603 
at  a  pH  of  the  acid  below  2.0.  At  higher pH  values  the  double 
refraction per unit increase in volume and per unit concentration is 
practically the same as in the absence of acid.  The same is also shown 
in Table IX where are given data on the swelling and double refraction 
of 10 per cent gels in various concentrations of H,SO4.  This acid also 
lowers the elasticity of gelatin, though it is not as effective as HC1. 
The effect  of the acid on the elasticity of the gels practically disappears 
at a pH above 2.0. 
Alkali affects the elasticity of gelatin in the same way as acids do, 
but the effect does not appear until the pH of the outside medium is 
not less than 10.0.  This is shown in Table X.  The slight drop with 
time in the swelling of the gels in  ~  NaOH and lower is due to the 
256 
gradual lowering in the pH of the solution which is  unavoidable in 
this range of pH in non-buffered solutions. 
The results here on the effect of pH on the elasticity of the gel agree 
with those found by Sheppard and his coworkers and also by Scarth.  1 
s~x  AND CONCLUSIONS 
Quincke's researches (1904)  have demonstrated that when a  20 per 
cent gelatin gel is allowed to swell inwater it gives rise to positive double 
refraction, as if the gel were under tensile stresses.  If, on the other 
hand, the gel shrinks on being placed in alcohol it becomes negatively 
double refractive, as if it were compressed.  But the double refraction 
as  found  by  Quincke  lasts  only  during  the  process  of  swelling  or 
shrinking,  and disappears  as  soon  as  the  gel  reaches  a  state  of 
equilibrium. 
This phenomenon was investigated here and it was found that the 
reason for the disappearance of the double refraction is due to the fact 
that at equilibrium the percentage change in the size of a gel is equal 
in all three dimensions and the strain is therefore uniform.  Double 
refraction persists as long as there is a  difference in the elastic strain 
in the three dimensions of the strained material. 
It was found thatwhen gels are cast on glass slides or in glass frames, 
so as to prevent swelling in certain directions, the double refraction 
produced by swelling at 6°C. persists permanently in the gel as long as 
it is swollen, and is proportional to the percentage change in the linear 
dimensions of the gel. 604  ISOELECTRIC  GELATIN 
Gels made up of various concentrations of isoelectr: : gelatin of less 
than 10 per cent when pIaced in dilute buffer of the same pH as that 
of the isoelectric point of the gelatin shrink and give rise to negative 
double refraction, while gels of concentrations of more than 10 per cent 
swell and give rise to positive double refraction.  The double refrac- 
tion produced in either case when divided by the percentage change in 
the dimensions of the gel and by its changed concentration gives a 
constant value both for swelling and shrinking.  This constant which 
stands for the double refraction produced in a gel of unit concentration 
per unit strain is termed here the optical modulus of elasticity since 
it is proportional to the internal elastic stress in the swollen gelatin. 
It was found that the optical modulug of elasticity is the same both 
for gels cast on slides and in frames, although the mode of swelling is 
different in the two forms of gels. 
Gels  removed from  their  glass  supports  after  apparent  swelling 
equilibrium, when placed in dilute buffer, begin to swell gradually in 
all three dimensions and the double refraction decreases slowly, though 
it persists for a long time.  But the double refraction per unit change in 
dimension and per unit concentration still remains the same as before, 
thus proving that the internal elastic stress as indicated by the double 
refraction  is  brought  about  by  the  resistance  of  the  gel  itself  to 
deformation. 
A study was also made on the effect of salts, acid and base on  the 
double refraction of a 10 per cent gel during swelling.  The experiments 
show that below -~ salts affect very slightly the optical modulus of 
8 
elasticity of the gel.  At higher concentrations of salts the elasticity 
of the gel is reduced by some salts and increased by others, while such 
salts as sodium acetate and sodium and ammonium sulfates do not 
change the elasticity of the gels at all during swelling. The investigated 
salts may thus be arranged in this respect in the following approximate 
series: CaC12, NaI, NaSCN, NaBr, A1C13, NaC1, Na acetate, Na2SO~, 
(NH,)~SO,, AI~SO, and MgSO,.  The first five in the series decrease 
the  elasticity while the last two in the series increase the elasticity 
of  the  gels  during swelling.  Acids and bases in  higher concentra- 
tions  exert  a powerful influence on the reduction of the elasticity of 
the gel but in  the range of pH between 2.0  and  10.0  the  elasticity 
remains unaffected. M.  ~:umTz  605 
The general conclusions to be drawn from these studies are as follows: 
1.  Swelling or shrinking produces elastic stresses in gels of gelatin, 
tensile in the first case and compressive in the second case, both being 
proportional to the percentage change in the dimensions of the gel. 
2.  Unsupported gels when immersed in aqueous solutions swell or 
shrink in such a manner that at equilibrium the percentage change in 
size is equal in all three dimensions, and the stresses become equalized 
throughout the gel. 
3.  Gels cast on glass slides or in frames when immersed in aqueous 
solutions swell or  shrink mostly in  one direction,  and give rise  to 
unidirectional stresses that can be determined accurately by measuring 
the double refraction produced. 
4.  The modulus of elasticity of swelling gelatin gels, as calculated 
from the double refraction measurements, is the same both for com- 
pression and for tension and is proportional to the concentration of 
gelatin in the gel. 
5.  The modulus of elasticity of gels during swelling is affected only 
slightly or not at all by salts at concentrations of less than -~ and is 
8 
independent of the pH in the range approximately between 2.0 and 
10.0. 
6.  Higher concentrations of salts affect the modulus of elasticity of 
gelatin gels and the salts in their effectiveness may be arranged in a 
series similar to the known I-Ioffmeister series. 
7. Acid and alkali have a  strong reducing influence on the elastic 
modulus of swelling gels. 
8.  The swelling produced in isoelectric gelatin by salts is due pri- 
marily to a change brought about by the salts in the osmotic forces in 
the gel, but in high concentrations of some salts the swelling is in- 
creased by the influence of the salt on the elasticity of the gel.  This 
agrees completely with the theory of swelling of isoelectric gelatin as 
developed by Northrop and the writer in former publications. 
9.  The  studies of Loeb  and the writer  on the  effect of salts  on 
swelling of gelatin in acid and alkali have been in the range of con- 
centrations of salts where the modulus of elasticity of the gelatin is 
practically constant, and the specific effect of the various salts has 
been negligible as compared with the effect Of the valency of the ions. 606  ISOELECTRIC GELATIN 
In  concentrations of salts below ~  -  or  -  the Hoffmeister series plays 
4  8 
no r61e. 
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